INTRODUCTION
============

Chronic hepatitis B (CHB) is an important health problem that affects over 350 million people worldwide ([@B1]). The hepatitis B virus surface antigen (HBsAg) has been shown to be an early marker of infection by the hepatitis B virus (HBV) and therefore, qualitative HBsAg assays like radioimmunoassays (RIAs) and enzyme immunoassays (EIAs) have been used as screening tools for several decades ([@B1]).

But in recent years, quantification of HBsAg is in the spotlight as a new potential marker for monitoring on-treatment response as several studies have reported a good correlation between levels of serum HBsAg and covalently closed circular DNA (cccDNA) before and after antiviral therapy ([@B2][@B3][@B4][@B5][@B6][@B7]). Serum HBsAg levels reflect the concentration of intrahepatic HBV cccDNA and may ultimately prove valuable in the management of patients with CHB ([@B8]).

There are 2 main techniques to quantitatively measure HBsAg: Architect HBsAg QT (Abbott Diagnostics, Weibaden, Germany) and Elecsys HBsAg II (Roche Diagnostics, Indianapolis, IN, USA) ([@B9]). These techniques use microparticles to immobilize antigen-antibody complexes and a chemiluminescence reaction to detect the emitted signals. Additionally, ELISA kits that quantitatively determine HBsAg are also available --- HBsAg (native or recombinant) ELISA Kit (Alpha Diagnostics, San Antonio, TX, USA); HBs S Antigen Quantitative ELISA Kit, Rapid-II (Beacle, Inc., Kyoto, Japan); QuickTiter™ HBsAg ELISA Kit (Cell Biolabs, Inc., San Diego, CA, USA). These kits use microtiter plates to immobilize the antigen-antibody complexes and detect their activity by measuring the signal emitted by the complexes when reacted with horseradish peroxidase (HRP) and a 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate. Some kits are only comprised of mAbs while others are comprised of both mAbs and polyclonal antibodies.

In this study, HBsAg-specific mAbs were generated for the HBsAg quantification immunoassay, following which the best combination of mAbs for sandwich ELISA was determined and the assay conditions for the quantification of HBsAg were investigated.

MATERIALS AND METHODS
=====================

Generation of monoclonal antibodies
-----------------------------------

HBsAg-specific mAbs were generated by fusing recombinant HBsAg (ViroStat Inc., Portland, ME, USA)-immunized BALB/c mice spleen cells with mouse myeloma SP2/0 cells, as detailed in a previous study ([@B10]).

Preparation of the mAb-HRP conjugate
------------------------------------

Each mAb was purified from ascites by DEAE ion exchange chromatography and coupled with HRP (Sigma-Aldrich Co., St. Louis, MO, USA) by applying the sodium periodate method ([@B11]), where the carbohydrate moiety of fluorodinitrobenzene-blocked peroxidase was oxidized with sodium periodate to form aldehyde groups. The peroxidase-aldehyde was then unidirectionally bound to free amino groups of mAbs at high efficiencies. Peroxidase-labeled immunoglobulins retained both their immunological and enzymatic activities ([@B11]).

Screening of mAb pairs for sandwich ELISA
-----------------------------------------

For primary screening, 9 mAbs (H17, H30, H31, H67, H73, H97, H101, H118, and H128) were diluted to 10 µg/ml in 0.05 M carbonate buffer, pH 9.6. A 100-µl solution of each mAb was added to 96-well plates (Nunc Immuno Module, Maxisorp, Roskilde, Denmark) and incubated overnight at 4°C. The plate was washed once with phosphate-buffered saline, pH 7.4, containing 0.05% Tween 20 (PBS-T), then 200 µl of 1% bovine serum albumin (BSA) in PBS were added and incubated for 1 h at room temperature (RT). The plates were again washed with PBS-T, after which 100 µl of 10 ng/ml HBsAg were added to the plates, which were then incubated for 1 h at RT. After the plate was washed with PBS-T again, 100 µl of each of the 7 anti-HBs mAb-HRP conjugates (H17, H31, H67, H73, H97, H101, and H128) in 1% BSA-PBS were added and incubated for 1 h at RT. After a final wash with PBS-T, 100 µl of TMB solution (KPL, Gaithersburg, MD, USA) was added and the plate incubated for 30 min at RT. Finally, the reactions were stopped by the addition of 100 µl of 1 N sulfuric acid and the OD was measured at 450 nm.

For confirmatory screening with the mAbs selected from the primary screening, ELISA assays were performed as above with 5 immobilized mAbs (H17, H67, H101, H118, and H128) against the 3 HRP-conjugated mAbs (H31, H67, and H101) for 10 ng/ml HBsAg and 1% BSA in PBS.

Feasibility test of the ELISA system with an optimized mAb pair
---------------------------------------------------------------

mAb H17 was selected as the immobilizing antibody while mAb H31 as the HRP conjugate. HBsAg standard solutions were prepared at concentrations of 0.125, 0.25, 0.5, 1, 5, 10, 20, and 40 ng/ml in 1% BSA-PBS. The rest of the assay procedure was the same as detailed previously. A standard curve of the assay system was examined and compared with those of other ELISA kits. The detection limit of the assay system was determined by comparing the ELISA signal against the background signal.

RESULTS
=======

Determination of optimal mAb pair for ELISA
-------------------------------------------

The purpose of primary screening was to screen out the candidates for further evaluation. For this, 9 HBsAg-specific mAbs (H17, H30, H31, H67, H73, H97, H101, H118, and H128) were generated and each of the 9 mAbs was immobilized to a 96-well plate. ELISA signals were measured using 10 ng/ml of HBsAg solution against each of the 7 mAb-HRP conjugates (H17, H31, H67, H73, H97, H101, and H128). HRP conjugates of H30 and H118 mAbs were not included because of low binding signals (data not shown). The background signals were not considered in this primary screening assay.

The ELISA signals given by the 9 immobilized mAbs vs. the 7 HRP-conjugated mAbs are shown in [Fig. 1](#F1){ref-type="fig"}. Immobilized mAbs H17, H31, H67, H101, and H128 exhibited OD over 1.3 against H31-HRP and H101-HRP conjugates except H101 & H101-HRP conjugate pair ([Fig. 1A](#F1){ref-type="fig"}). H31-HRP and H101-HRP conjugates exhibited OD over 1.0 against 8 and 6 out of 9 immobilized mAbs respectively ([Fig. 1B](#F1){ref-type="fig"}). As a result, mAbs H17, H31, H67, H101, and H128 exhibited the best traits for immobilization, while mAbs H31 and H101 exhibited the best traits for HRP conjugation. mAbs H17 and H97 proved to be particularly inappropriate for HRP conjugation due to their lower signals (OD below 0.5) against all the immobilized mAbs studied ([Fig. 1B](#F1){ref-type="fig"}).

![The result of primary screening of mAb pairs to screen out the candidates for further evaluation for quantitative HBsAg ELISA. ELISA signals (A) with respect to the immobilized mAbs and (B) with respect to the HRP-conjugated mAbs. ELISA signals were measured for each combination of the 9 immobilized mAbs (H17, H30, H31, H67, H73, H97, H101, H118, and H128) vs. the 7 mAb-HRP conjugates (H17, H31, H67, H73, H97, H101, and H128). Ten ng/ml of HBsAg in 1% BSA-PBS was used as a positive control. Each assay was performed in duplicate. Mean values are shown in the graph.](in-17-451-g001){#F1}

The purpose of confirmatory screening was to decide the candidates for development of immunoassay kit from the results of primary screening. For this, the immobilized H17, H67, H101, H118, and H128 mAbs were examined against each of the HRP-conjugated mAbs H31, H67, and H101 ([Fig. 2](#F2){ref-type="fig"}). mAb H31 was not included for immobilization due to its best traits for HRP conjugation although it was in the candidates for immobilization in the primary screening. mAbs H67 and H118 were included for HRP conjugation and for immobilization respectively just for comparison although these were not included as candidates for further evaluation in the primary screening. [Fig. 2A](#F2){ref-type="fig"} presents the data with respect to the immobilized mAbs. When the signals of immobilized H67, H101, H118, and H128 against 3 conjugates (H31, H67, and H101) were compared to those of mAb H17, mAbsH101 and H118 exhibited over 85% signals of H17; in contrast H67 and H128 exhibited 65%--75% of signals of H17 ([Fig. 2A](#F2){ref-type="fig"}). As a result, mAbs H17, H101, and H118 exhibit similar efficiencies for immobilization following the accuracy of bioanalytical methods is acceptable within 15% variation of nominal value ([@B12]). [Fig. 2B](#F2){ref-type="fig"} presents the data with respect to the HRP conjugated mAbs. When the signals of H67 and H101 conjugates against 5 immobilized mAbs (H17, H67, H101, H118, and H128) were compared to those of H31 conjugate, both H67 and H101 conjugates exhibited 50%--70% of H31 conjugate except H67 & H101-HRP conjugate pair which exhibited 94% of that of H67 & H31-HRP conjugate pair ([Fig. 2B](#F2){ref-type="fig"}). As a result, the mAb H31-HRP conjugate exhibits the highest signal in all 3 conjugates.

![The result of confirmatory screening of mAb pairs to decide the candidates for development of quantitative HBsAg ELISA kit. ELISA signals (A) with respect to the immobilized mAbs and (B) with respect to the HRP-conjugated mAbs. ELISA signals were measured for each combination of the 5 immobilized mAbs (H17, H67, H101, H118, and H128) vs. the 3 mAb-HRP conjugates (H31, H67, and H101). Ten ng/ml of HBsAg in 1% BSA-PBS was used as a positive control and 1% BSA-PBS was used as a background control. Each assay was performed in duplicate. Mean values are shown in the graph.](in-17-451-g002){#F2}

Therefore, in the following experiment, it was decided that mAb H17 and mAb H31 would be used for immobilization and HRP conjugate preparation, respectively.

In these screening analyses, the ELISA signals were compared against a concentration of 10 ng/ml HBsAg. The background signals given by 1% BSA in PBS were subtracted from the ODs given by 10 ng/ml HBsAg. All the assays were performed in duplicates.

ELISA performance with an optimized mAb pair
--------------------------------------------

mAb H17 was diluted to 10 µg/ml in 0.05 M carbonate buffer, pH 9.6 and immobilized in the plate. HBsAg standards were set in the range of 0.125--40 ng/ml in 1% BSA-PBS. The 1^st^ and 2^nd^ incubations were for 1 h at RT, followed by the substrate reaction for 30 min at RT, which was finally stopped by the addition of 1 N sulfuric acid. The OD was measured at 450 nm.

A standard curve was plotted, which exhibited linearity in the range of the standard used ([Fig. 3](#F3){ref-type="fig"}). Back-fitting of the standard curve readout values fell within 20% of the nominal readout value (data not shown) and this satisfied the acceptance criteria that the bias and precision of back-calculated value for at least 75% of the calibration standards should lie within 20% ([@B13]).

![Standard curve for the current HBsAg ELISA system exhibiting linearity within the range of the standards (0--40 ng/ml in 1% BSA-PBS). Each assay was performed in duplicate. Mean values are shown in the graph.](in-17-451-g003){#F3}

The detection limit of this system was estimated as 1 ng/ml of HBsAg, which was revealed by a dose response to the ELISA signal and could be differentiated from the background signal ([Table 1](#T1){ref-type="table"}). The detection limit of HBsAg ELISA Kit (Alpha Diagnostics) and QuickTiter HBsAg ELISA Kit (Cell Biolabs, Inc.) was also 1 ng/ml of HBsAg, as per the product manuals of Alpha Diagnostics & Cell Biolabs, Inc.

###### Varying concentrations of HBsAg exhibiting a dose response during quantitation ELISA after adjusting for background signals

![](in-17-451-i001)

  --------------- ------ ------ ------ ------ ------ ------ ------ ------
  HBsAg (ng/ml)   40     20     10     5      1      0.5    0.25   0.1
  ELISA OD^\*^    2.70   1.44   0.86   0.49   0.13   0.07   0.07   0.05
  --------------- ------ ------ ------ ------ ------ ------ ------ ------

Mean values are shown in the table.

^\*^Each assay was performed in duplicate.

DISCUSSION
==========

HBV DNA quantity is the most commonly used marker for therapeutic efficacy during follow-ups in patients chronically infected with HBV when they are usually treated with either pegylated interferons (PEG-IFNs) or HBV reverse transcriptase nucleos(t)ide analogues ([@B14]). The ultimate goal of anti-HBV treatment is HBsAg clearance, as it leads to the improvement of long-term clinical outcomes, including longer survival ([@B14]). However, Anti-HBV treatment cannot be adequately predicted by obtaining an undetectable HBV DNA viral load ([@B14]).

Monitoring serum HBsAg levels in patients with CHB may substantially contribute to monitoring HBV DNA ([@B1][@B14][@B15]). The template for HBV transcription, i.e., the cccDNA, plays a key role in the life cycle of the virus and permits the persistence of infection. HBsAg is translated from mRNA with the transcriptional template-active cccDNA, which has been shown to reflect the number of infected hepatocytes. It has been suggested that HBsAg quantification reflects the concentration of cccDNA in the liver ([@B8]). Through this association, HBsAg is hypothesized to be a marker for an immunological response to hepatitis B therapy, independent of the virological response as measured using HBV DNA levels in serum ([@B1]).

Quantitative HBsAg was suggested to be helpful in the management of HBV. The recent availability of commercial quantitative assays has reignited an interest in quantitative serum HBsAg as a biomarker for the prognosis and treatment of CHB ([@B16]) and stratified the risk of disease progression by predicting treatment responses mainly in patients receiving PEG-IFN therapy ([@B8]). HBsAg decline during PEG-IFN therapy of CHB is a strong predictor of a sustained on-treatment response, and patients who fail to achieve an HBsAg decline have a reduced probability of exhibiting a sustained response ([@B1][@B14][@B15]).

Serum HBV markers are usually detected by EIA, RIA, microparticle enzyme immunoassay (MEIA), or chemiluminescence. The development of automated immunoassay systems has greatly improved the sensitivity, specificity, and accuracy of serum HBV marker detection ([@B17]). Two fully automated assays are currently commercially available, namely, the Architect HBsAg QT (Abbott Diagnostics) and the Elecsys HBsAg II Quant (Roche Diagnostics) ([@B18]). These assays amplify signals by increasing the surface of immobilization via microparticles and measure these signals by a chemiluminescence reaction using acridinium- or ruthenium-labeled anti-HBs antibodies (monoclonal and polyclonal mixture). As a result, the total assay is very rapid (18 to 35 min) and the sensitivity of the assay is very high, like 0.05 IU/ml, which is equivalent to 0.2 ng/ml of HBsAg ([@B18]).

Three ELISA kits for HBsAg quantitation are also commercially available --- HBsAg ELISA Kit (Alpha Diagnostics); HBs S Antigen Quantitative ELISA Kit, Rapid-II (Beacle, Inc.); and QuickTiter HBsAg ELISA Kit (Cell Biolabs, Inc.). HBsAg ELISA Kit and QuickTiter HBsAg ELISA Kit use mAbs for immobilization of HBsAg. Contrastingly, HBs S Antigen Quantitative ELISA Kit, Rapid-II uses polyclonal antibodies. In the secondary reaction of the immunoassay that binds to the captured HBsAg, HBsAg ELISA Kit and HBs S Antigen Quantitative ELISA Kit, Rapid-II, use a polyclonal anti-HBs antibody as an HRP conjugate. In contrast, QuickTiter HBsAg ELISA Kit uses different detection systems as compared to the other ELISA kits. It includes additional reactions compared to other ELISA kits, by employing FITC-conjugated monoclonal anti-HBs antibody and HRP-conjugated monoclonal anti-FITC antibody.

The ELISA system in this investigation is unique in that it uses mAbs both for capture and HRP-conjugate.

Polyclonal antibodies are employed to increase the sensitivity supposedly in the commercial kits as exampled above. However, using polyclonal antibodies causes problems of inconsistency of production and quality. Laboratory animals can vary considerably in their ability to respond to different antigens, resulting in significant variation among lots of antibodies ([@B19]). Also the ethical aspect of antibodies production using laboratory animals should be considered ([@B20]). In contrast, mAbs from hybridoma cells can be produced by bioreactor culture with chemically defined protein-free media without using animals ([@B21][@B22]).

Another commercial kit uses FITC-labeled mAb as a secondary antibody instead of HRP conjugated mAb and this requires one more reaction step and reagent.

The ELISA system in this investigation provides the consistency of quality and simpler reaction step by employing mAbs both for capture and HRP-conjugate. Further mAbs production by bioreactor culture can circumvent the ethical problem of using animals, which could not be achieved in the production of polyclonal antibodies.

The standard ranges of the 3 ELISA kits are as follows: HBsAg ELISA Kit, 0--20 ng/ml; HBs S Antigen Quantitative ELISA Kit, Rapid-II, 0--10 nUnit/ml (where 1 nUnit is defined as the activity expressed by 1 ng of the standard antigen); and QuickTiter HBsAg ELISA Kit, 0--100 ng/ml. In this study, the standard was 0--40 ng/ml.

The detection limit of the HBsAg ELISA Kit and the QuickTiter HBsAg ELISA Kit is 1 ng/ml HBsAg. The detection limit of HBs S Antigen Quantitative ELISA Kit, Rapid-II is 0.05 nUnit/ml, which is equivalent to 0.05 ng/ml and is far more sensitive than the other ELISA kits and comparable to the chemiluminescence reaction systems such as Architect HBsAg QT and the Elecsys HBsAg II. This kit includes special amplification system to increase the sensitivity.

The detection limit of the current ELISA system in this study was estimated as 1 ng/ml based on the ELISA signals according to the concentration of HBsAg, which is the same as that of HBsAg ELISA Kit and QuickTiter HBsAg ELISA Kit. When the detection limit was estimated by the average baseline value plus 3×standard deviation ([@B23]), the detection limit of the current ELISA system was estimated as 0.4 ng/ml. However, this ELISA system did not exhibit dose responses below 0.5 ng/ml of HBsAg ([Table 1](#T1){ref-type="table"}), as a result the detection limit was estimated as 1 ng/ml.

In conclusion, mAbs against HBsAg were generated and the best pair of mAbs for HBsAg quantitative ELISA was established. The linearity was maintained in 0--40 ng/ml of HBsAg and detection limit was estimated as 1 ng/ml. The ELISA system established in this study is unique in using mAbs both as capture and HRP-conjugate, which can provide the consistency of quality and simpler reaction step compared to other commercial kits.
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BSA

:   bovine serum albumin

cccDNA

:   covalently closed circular DNA

CHB

:   chronic hepatitis B

HBsAg

:   hepatitis B virus surface antigen

HBV

:   hepatitis B virus

HRP

:   horseradish peroxidase

PBS-T

:   phosphate-buffered saline

pH 7.4

:   containing 0.05% Tween 20

PEG-IFN

:   pegylated interferon

RT

:   room temperature

TMB

:   3,3′,5,5′-Tetramethylbenzidine
